The results from three recent types of experiment investigating the interaction potential between a hydrogen atom and a carbon monoxide molecule are summarized and compared to theoretical predictions based on an ab initio HCO potential energy surface. In the first experiment, energetic hydrogen atoms generated in the photolysis of H 2 S collisionally excite CO molecules to high rotational levels of v = 0, 1, and 2. The product state distributions are compared with the predictions of classical trajectory calculations. In the second experiment, HCO is excited to an upper RennerTeller component that is degenerate with the ground potential energy surface in the linear configuration. Coupling between the states leads to dissociation, and the CO product distribution is again measured and compared to the predictions of classical trajectory calculations. In the third experiment, HCO is prepared by stimulated emission pumping (SEP) in highly excited vibrational levels above the dissociation limit on the ground state potential energy surface. The SEP linewidths provide information about the rate of dissociation, and a measurement of the CO product distribution provides information about the dynamics. Both experimental observations are compared to results from recent wave packet calculations. 
I. Introduction --The HCO Potential Energy Surface
The formyl radical, HCO, is of importance in combustion, 1,2 atmospheric chemistry, 3 and interstellar space. 4 In addition, because ab initio calculations provide accurate energies for a system of such light atoms, HCO has become a prototype system for theoretical studies of radical spectroscopy and unimolecular reactions.
From an experimental point of view, the spectrum of HCO and the interaction between hydrogen atoms and CO have long been of interest. Ramsay first observed and identified the long wavelength HCO absorption spectrum (450-750 nm) in 1953, 5 [16] [17] [18] [19] [20] [21] The nature of the interaction between H atoms and CO has also been investigated through studies of collisions between these species. [22] [23] [24] [25] Such spectroscopic and dynamics experiments provide important insight into the nature of the potential energy surfaces for HCO and the interactions between them.
The earliest ab initio potential energy surface (p.e.s.) for the HCO system appears to be that constructed by Bowman, Bittman, and Harding 26 (BBH) based on calculations by Harding 27 and adjusted to agree with experimental data from Murray et al. 28 The potential was later fit to a Legendre expansion by Romanowski et al. 29 Figure 1 provides a view of this surface for the C-O distance fixed at its equilibrium value. The contours show the energy that a hydrogen atom would experience at various locations relative to the fixed C-O. There are several important features of the potential. First, there is an attractive well (dotted contours) in the two symmetrical bent geometries corresponding to the bound HCO radical. A barrier of about 5500 cm -1 leads from either well to free H + CO products. Second, there is a barrier in the linear H-CO configuration between the two symmetric forms of bent HCO. As will be discussed in detail later, at the top of this barrier the ground electronic state shown in the figure becomes degenerate with an excited electronic state (not shown); these two states, theX state and the Ã state, are two components of a Renner-Teller pair. Third, there is a metastable well in the bent CO-H configuration with a geometry approximating that of the methanol framework. A substantial barrier separates this metastable well from the true minimum.
A great deal of theoretical work has investigated the properties of the BBH surface 26, 29 as well as alternative surfaces. 30, 31 Trajectory calculations predicting vibrational and rotational excitation of CO on collision with fast H atoms have been performed to account for experimental observations. 33 The H + CO recombination reaction and its reverse dissociation reaction have been thoroughly investigated, largely because of the importance of this reaction in combustion. [40] [41] [42] [43] [44] Perturbations of theB state have been studied. 48 Finally, wavepacket calculations have been performed to model dissociation from both the Ã state and high vibrational levels of theX state, [45] [46] [47] and L 2 calculations of resonances on theX surface and of the final rotational distributions following dissociation from these resonances have been also been performed. 49 While it is beyond the scope of this article to review these advances in detail, we note that other chapters in this volume will also cover theoretical approaches to understanding the HCO potential energy surface. 50 The objective of this paper is to review recent experimental work on the HCO system performed at Cornell and to point to directions for future exploration. The experiments from our laboratory have evolved from state-resolved collisional investigations through studies of the Ã-state photodissociation of HCO to exploration of the dynamics of dissociation from highly excited rovibrational levels of the ground state. All of the studies share a common experimental feature, the sensitive and state-specific detection of CO by vacuum ultraviolet (VUV) laser induced fluorescence (LIF). We begin by describing studies of collisions of H with CO.
II. Scattering Probes of the HCO Potential
The scattering dynamics of the H+CO system have been the subject of several experimental [23] [24] [25] and theoretical investigations. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] As mentioned above, the great interest in this particular system has been sparked by the availability of good ab initio calculations. 26, 27, 30 Trajectory calculations performed on the BBH surface have been used to describe high-energy scattering, 33 and several quantal studies have examined collisions at energies corresponding to metastable resonances. [34] [35] [36] [37] [38] A time-correlation function approach was applied by Micha et al. to H+CO scattering at 1.6 eV. 39 From the experimental point of view, there has been substantial interest in collisions of fast hydrogen atoms with small molecules. 51 The experimental attraction is that the H atoms can be generated conveniently by photolysis of hydrides such as HBr, HI, and H 2 S.
The technique has the advantages that the H atoms are nearly monoenergetic and that the collisions occur at energies high enough to probe chemically interesting regions of the performed by expanding a mixture of CO and H 2 S in a supersonic free jet, so that the initial CO was primarily in v=0 and very low J. Hydrogen atoms produced by the dissociation of H 2 S with an ultraviolet laser pulse collided with the CO, which was detected 75 ns later using laser induced fluorescence on the A←X transition. The vacuum ultraviolet light needed to excite this transition was generated by four wave mixing in magnesium vapor, where one laser at 430.8 nm excited a two photon resonance and a third photon at the wavelength indicated on the upper axis of Figure 2 was Figure 3 Relative populations for v=0, 1, and 2 scattered CO. Error bars give 80% confidence limits calculated from multiple measurements; points without bars were measured only once. The circles give the experimental measurements, while the solid line gives the result predicted by the classical trajectory calculations. The experiments were scaled to the theoretical cross sections over the range v=0, J≥16, as shown in the expansion. The experimental results for v=1 and 2 were scaled using the same factor as for v=0. At J=5, for example, the experimental cross section is roughly four times the calculated one.
Second, for v=1 the cross section variation as a function of J is roughly flat from J=0 to 12 in the experimental results, while it drops off below J=15 in the calculations. We discuss these two observations next.
The low-J cross sections are the most serious source of disagreement between theory and experiment. Collisions responsible for these small ∆J transitions are most likely grazing collisions having large impact parameters. However, it is not the case that these collisions have their turning points, or distances of closest approach, in regions not treated accurately by the BBH potential. We have examined carefully the distribution of turning points in our trajectory calculations. Collisions which produce J≤20 have inner turning points outside the HCO and COH well regions, but not so far out as the van der Waals well region. We find that the distance between the H and the center of mass of the CO at the inner turning point of each trajectory which leads to 3≤∆J≤10 is always less than 5.0 a 0 and usually closer to 4 a 0 .
Such collisions sample interaction potentials that are always above 0.2 eV. We conclude that the BBH surface could be the origin of the discrepancy between theory and experiment only if the surface is defective in the 4-5 a 0 region, where trajectories producing 3≤∆J≤10 have inner turning points.
A number of experimental sources for the discrepancy between theory and experiment are possible, including multiple collisions of the CO molecules with other species and multiple collisions of the H atoms with different CO molecules. However, careful examination of these possible problems 57 leads to the conclusion that neither is likely and that, even if present, neither would be likely to lead to the observed discrepancy. A remaining possibility that collisions of H atoms with Ar-CO clusters might cause an increase in production the low-J CO products has not definitively been ruled out.
The smaller discrepancy between the experimental and calculated rotational distributions for v=1 has been ascribed to an inaccurate description of the HOC saddle point region on the BBH surface. When the surface was generated, spectroscopic data on HCO were used to adjust the surface in the HCO well region. No data were available on HOC, so the surface in that region was fit to the unadjusted ab initio energies. Those energies are probably a little (∼0.2 eV) too high, so in the trajectory calculations it is a little too hard for trajectories to sample the HOC well region. Trajectories reaching this region have a high probability of producing CO in v=1 because there is strong coupling between C-H and C-O motions in this region of the potential. They also produce low rotational levels because the hydrogen atom strikes the CO near its center of mass. In preliminary calculations, lowering the barrier to the COH well by 0.2-0.4 eV resulted in enhanced cross sections for low J (J<5) of CO(v=1) without changing the cross sections for larger J.
In conclusion, several detailed observations about the dynamics of H+CO scattering were made in this collisional study. T→V transfer between H and CO at 2.3 eV is dominated by dynamics occurring in the two wells on the HCO surface. The HCO well, which corresponds to a bound HCO molecule, is more important since the great majority of vibrationally inelastic trajectories pass through this well. The HCO well provides the easiest approach for an H atom to the regions of the surface where it can impart a significant impulsive force on the CO oscillator, but the basic character of the CO triple bond remains essentially unchanged during the collision.
The COH well, on the other hand, can be reached only by crossing a high barrier. The potential is not as steep on the inner wall of the COH well as it is in the HCO well, but the COH radical has a much longer CO bond at its minimum-energy configuration. The change in equilibrium bond length as the H atom moves from the COH saddle point to the COH well provides strong coupling to higher vibrational states, without a strong tendency to excite high rotational levels.
The BBH surface describes H+CO scattering in the region of the HCO well very accurately. This accuracy is reflected in the good agreement between calculated and observed relative vibrational cross sections for v ≥ 1, for the rotational distribution in v=2, and for the high-J rotational distribution in v=1. However, the contribution from collisions reaching the COH well at 2.3 eV is underestimated in trajectories on the BBH surface. The COH saddle point is probably a little too high on this surface, so that fewer trajectories access the region between the saddle point and the metastable well where vibrational excitation is induced.
There is also a discrepancy between theory and experiment with regard to the cross sections for low J states in vibrationally elastic scattering. This difference could be due to an error in the BBH surface, but if it is, it would have to be associated with geometries where the ab initio calculations should have been accurate. As we will see later, there are some indications that the barrier to H + CO recombination is not high enough on the BBH surface, and this change may influence the low J results. Experimental sources for the discrepancy also need further investigation.
III. Probes Using Photodissociation through the Ã-state
Another method for probing the HCO p.e.s. is to examine its photodissociation. The determined that the ground electronic state of HCO has a bent equilibrium geometry (HCO angle of ∼120°), while the Ã state is linear. It was also observed that excitation levels in the Ã state led to predissociation. It is this photodissociation process that has been the main interest of our continued studies of the Ã state of HCO to be described below.
The first evidence of predissociation was the observation of a series of absorption bands that alternated between having diffuse and structured spectra depending on the number of bending quanta excited in the Ã state. States with an even number of bending quanta (v 2 ) were diffuse, while those with odd values of v 2 had structured bands that could be rotationally assigned to quantum numbers denoted by N. 6 Closer examination of the vibrational bands 7 showed that odd-numbered bending states have diffuse bands as well as structured ones depending on the quantum number K′, which describes the projection of the total angular momentum onto the a inertial axis. In HCO, the a axis is nearly parallel to the CO bond, and for the Ã state the K′ quantum number is equal to |Λ + l|, where Λ=±1 is the projection of the electronic angular momentum on the a axis, and l is the vibrational angular momentum of the degenerate bend. Rotational structure was observed only in bands with K′=0, and these are present only in levels with an odd number of bending quanta. In order to confirm the dissociative nature of these Ã state transitions and to understand the dynamics of the dissociation process, we conducted a series of experiments [62] [63] [64] [65] in which the CO products were detected by laser-induced fluorescence. The experiments have been described in detail previously. 63 Briefly, as shown in Figure 4 , a free jet expansion of acetaldehyde is photolyzed at the nozzle orifice with an ultraviolet laser to create HCO radicals. The radicals are cooled in the subsequent expansion, and, downstream, a visible laser (450-750 nm) excites the HCO to the dissociative Ã state. The CO photofragments are probed approximately 50 ns later with a VUV laser produced by four-wave mixing in Mg vapor. A schematic of the experimental setup is shown in Figure 5 .
The detection of CO fragments from the excitation of HCO has confirmed that the Ã state is predissociative. In general, the CO products which come from these predominately bending levels of the Ã state are rotationally excited with rotational distributions peaked around J=30. To understand the detailed product state distributions measured in these experiments, one can picture the dynamics in terms of a time-dependent three-step process:
(1) excitation of specific levels of the Ã state, (2) crossing from the Ã state to theX state, and (3) dissociation on theX state potential energy surface.
As discussed above, excitation of levels in the Ã electronic state can be accomplished with vibrational resolution and with selection of specific K states. The excited levels are This is probably due to a difference in rotational temperature of the HCO sample. The
Brown and Ramsay experiments were performed in a room temperature bulb while the measurements of Loison et al. 63 employed a free jet expansion.
When different product states of CO are monitored, PHOFEX spectra can reveal new transitions. For example, if CO(v=0, J=50) is monitored, a series of combination bands is observed due to excitation of (1,v 2 ,0) levels observed only weakly in absorption. As will be discussed below, dissociation from these C-H stretching bands produces more rotational excitation in the product CO than does dissociation from purely bending states. Similarly, previously hidden combination bands from excitation of (0,v 2 ,1) states are revealed when CO(v=1, J=30) is monitored. In addition, the PHOFEX technique has allowed transitions to states with higher values of K′ to be observed. A classical picture is helpful to understand this final step of the dissociation process --energy redistribution on theX-state p.e.s. Indeed, classical trajectory calculations, 65 as well as more recent wave packet calculations, 47 have simulated the dissociation and produce fairly consistent results. In the classical model, 65 it was assumed that the C-H and C-O stretching motions initially excited in the Ã state are preserved when the HCO reaches the linear crossing point, and that since these stretching modes have at most one quantum of excitation, they are adequately described as harmonic oscillators. Because all of the accessible Ã state levels have significant amounts of bending energy and the crossing takes place in the linear minimum of the upper surface, the system has a considerable amount of bending angular momentum as it starts its trajectory on the ground state surface. Closer examination of three regions of the BBH potential energy surface ( Figure 9) will help illustrate what happens to this initial energy as the HCO molecules dissociate.
The first region of the p.e.s. that significantly affects the dissociation dynamics is the narrow channel leading away from the linear region of the surface. This channel allows the original bending motion to become angular momentum of the H around the CO while maintaining a bound C-H stretching motion. The calculations are sensitive to the height of the linear isomerization barrier with respect to the separated H and CO fragments since it determines the overall energetics of the trajectory. In addition, the initial steepness of descent and narrowness of the channel will determine how much of the energy will be divided between bending motion and C-H stretching.
The second important region of the p.e.s. is near the HCO well. On the BBH potential, the bending channel leads directly into this overall minimum of the surface, corresponding to the bent geometry of ground-state HCO. As the H atom enters this region it continues to gain angular momentum, but once it crosses the bottom of the well the momentum decreases as the H atom ascends the other side. Another important aspect of the well region is that the C-H stretching potential has become much wider than it was in the original bending channel. The very anharmonic C-H stretching mode is essentially the dissociation coordinate, and coupling of the bending motion into this coordinate is quite important in determining the dynamics. Additional information about the HCO photodissociation comes from measurement of Doppler profiles for the photofragments. 64 The measured anisotropy parameter, β, indicates a recoil distribution of fragments which is nearly parallel to the excitation laser polarization. This is somewhat surprising since the transition is known to be perpendicular to the plane of the triatomic and therefore perpendicular to the breaking bond. It was also found that the magnitude of β depends not only on the value of K′, but also on the value of K″ (the angular momentum projection in the initial HCO ground state). A treatment based on the RennerTeller mechanism has been used to explain these results and is discussed in detail elsewhere. 64 Briefly, the observation of a parallel transition results from the facts 1) that the HCO molecule rotates about its a axis rapidly compared to dissociation and 2) that the final H atom trajectory is nearly perpendicular to the CO axis. Thus, while the laser initially excites a perpendicular transition, the H atom recoils with a substantial velocity component parallel to the laser polarization.
The width of the CO(v,J) Doppler profiles has also been used to measure the translational energy of the fragment and to calculate the bond energy of ground state HCO.
The value of 5300±200 cm -1 obtained is consistent with the more accurate value of 5492±67 cm -1 determined by Chuang, Foltz, and Moore. 66 In summary, the measurement of photofragment product state distributions following the excitation of HCO Ã(v 1 ,v 2 K ,v 3 ) levels has provided considerable insight into the dynamics of this system. PHOFEX spectroscopy has confirmed that the broadening of the Ã-state levels is due to predissociation and has allowed accurate linewidth measurements to be made for Some sections of the BBH potential have been identified on which slight modifications may have a significant influence on the dynamics. More recent spectroscopic studies of the ground state surface have also found discrepancies with the BBH surface and have led to refinements. 18, 19 Further dynamical probes are also underway in which theX state is accessed directly by stimulated emission pumping. These experiments are discussed in the next section.
IV. Probes using Photodissociation on theX-State
As we have just examined, the ground state potential energy surface for HCO has been studied using the dynamical probes of H+CO collisions and Ã-state photodissociation.
The collision experiments sample all geometries of the potential energy surface with a variety of center of mass energies and total angular momenta. reaching more than 10,000 cm -1 above the dissociation limit of HCO. Adamson et al., 19 were able to use stimulated emission pumping to identify further some of these dissociative states, measuring their linewidths and spectroscopic constants. The existence of such resonances was also predicted by the groups of Bowman and Wagner based on quantum mechanical H+CO scattering calculations on the BBH potential energy surface. 43, 44 In an effort to understand the HCO system more completely, a series of dynamics experiments has been conducted to measure the product state distributions arising from the decay of these metastable resonances. 67 As in the Ã-state experiments previously described, a molecular beam of rotationally cooled HCO was formed by photolysis of acetaldehyde. Instead of exciting HCO to the Ã state, two lasers were used to perform stimulated emission pumping through theB state so as to prepare the metastable levels on the ground p.e.s. The decay of these states leads to the production of CO which can again be probed state-specifically using VUV LIF. Due to the FranckCondon factors controlling theB→X transition, the metastable levels prepared have predominately C-O stretching character. Some combination bands involving bending levels can also be prepared. Figure 13 68 shows an LIF spectrum of HCO and a fluorescence depletion SEP spectrum measured while exciting one rotational transition in the pump. As predicted in calculations, the linewidths of the metastable states appear highly non-statistical and depend strongly on the vibrational character of the level excited. Table 1   presents shown in Figure 14 . No CO in v=3 was detected from the dissociation of the (0,7,0) level.
Interference from background CO in v=0 and 1 and/or lack of fragment population in these states has precluded measurement of these rotational distributions. These experimental results can be compared with the theoretical predictions of wavepacket calculations on the BBH surface performed by R. N. Dixon. 46 In contrast to experiment, Dixon's calculations predict that 64.5% of the CO products will be formed in v=3, with only 27.1% in v=2.
However, Dixon's work does predict low rotational states of the CO to be populated in a nonthermal, structured distribution that agrees qualitatively quite well with experiment, as shown in Figure 14 . Although there appears to be good agreement with experiment, it should be noted that the measured data is for N=5 while the calculation is for a total angular momentum of zero. It has been discovered that the rotational distributions of the fragment interesting effects. 37 Continued theoretical interest 71 is also producing refinements to the potential energy surface which can be tested by these experimental results.
V. Conclusions
An predictions are currently underway. 71 Further experiments on H + CO collisions have also been recently performed. 55 The HCO system is thus continuing to provide an arena for the advancement of our theoretical and experimental understanding of chemical dynamics. 
